We use the exact initial two-electron states of the parabolic potential well to calculate the double photoemission (DPE) spectra of a quantum dot. Being exactly solvable, the problem of two electrons coupled by a Coulomb interaction in an oscillator confinement provides a unique test for any approximate theories that deal with few-body systems and related experiments. An instructive treatment based on a direct mapping of a two-electron initial state density onto the DPE observables is proposed, which clearly explains how the DPE spectra are organized and gives some hints for their experimental measurement.
Introduction
The evaluation of the effects of electronic correlations must be included in most of the theories dealing with electronic excitations by external fields. While for some processes (e.g. single photoemission [1, 2] ) inclusion of the correlations involved leads only to the refinement of the calculated transition probabilities (which otherwise can be calculated in the independentelectron approximation), for some other processes (e.g. [3, 4] ) they are a vital ingredient of the theoretical description, playing a major role in determining the characteristics of the process. In the latter case the careful use of approximations is important, for it is possible that the features introduced by some aggressive approximations may become even more pronounced than those that are inherent to a very physical process. Therefore, it is important to have a reference among the exactly solvable models to be able to judge the quality of the approximate solutions.
One such process, which occurs as a result of the electron-electron interaction and is impossible in the independent-electron case [4] , is double photoemission (DPE). In DPE the absorption of a photon by a system results in the simultaneous emission of a pair of electrons. In a schematic way it can be described by a diagram such as figure 1, where the bold line represents the exact two-electron initial and final states 2 and 2 , respectively, and the wavy line depicts Figure 1 . Diagrammatic representation of DPE: the two-particle state 2 evolves into the twoparticle state 2 by absorbing a photon with energy ω ph . a photon with energy ω ph . In general, the problem of two interacting electrons in the external potential does not have an exact solution. However, for a particular case of a parabolic potential well the two-electron eigenstates can be found without approximations [6] , and we believe it is of methodological importance to consider the one-photon ionization of such a system. Physical systems that exhibit an electronic structure and are well reproduced by oscillator confinement are semiconductor quantum dots [7] . In the present paper we consider the DPE from a single quantum dot. We start from the brief overview of the exact solution (section 2), write down the expressions for the differential cross section of the process (section 3) and calculate the DPE angular (section 4) and energy (section 5) distributions for the typical parameters of a quantum dot. The mapping of the initial-state density onto the DPE spectra, discussed in sections 4 and 5, aims to illustrate the DPE distributions and to facilitate a choice of the observation conditions for future experiments.
Exact solution
More details on the problem can be found in the recent paper by Taut et al [6] ; here we only give the expressions that are needed for our purposes. For the description of a semiconductor medium we assume the effective mass approximation (m * is taken in units of the bare electron mass) and the weakening of the Coulomb interaction by the static dielectric constant . Atomic units are used throughout.
Upon the transformation to the centre-of-mass (CM) and relative coordinates
the Hamiltonian for two interacting electrons in the parabolic well
can be expressed as a sum of two independent parts
with the two-electron wavefunction also being separable in these coordinates
The total energy is then given by the sum of the eigenenergies E R and E r of H R and H r , respectively
As is usual for the spin-independent Hamiltonians, the Pauli principle is guaranteed in that the spin part of the wavefunction χ(s 1 , s 2 ) has to be chosen to be symmetric or antisymmetric (with respect to particle exchange) in accordance with the symmetry of its coordinate part.
The Schrödinger equation for the CM motion coincides with the equation for the threedimensional harmonic oscillator
and has analytical solutions [8] , that are classifiable according to the node number N and orbital momentum quantum number L
where the radial function is given in terms of the confluent hypergeometric functions [9] 
The equation for the relative motion, like the one for the CM motion, also possesses a spherical symmetry
Its eigenstates are classified in the same way as the oscillator wavefunctions (8)
The radial function u n (r ) is a solution of the radial Schrödinger equation
which can be integrated numerically and in some special cases has an analytical solution [5] . Summarizing this part, the motion of the pair of electrons is described by the independent motions of two quasi-particles, described by the wavefunctions ξ(R) and ϕ(r) and moving in R and r subspaces, respectively. The two-electron wavefunction is defined by six quantum numbers (N, L, M, n, , m). The ground state of the two-particle system is constructed from the ground states of the quasi-particles, the excited state is reached whenever any or both of the motions are excited. For simplicity, in the following we restrict our calculations to the quasi-particle wavefunctions with M = m = 0. In figure 2 the two-electron wavefunction characterized by different combinations of (N, L, n, ) is shown as a function of (r, R). The number of extrema corresponding to a different degree of excitation of the CM and 'relative' motions can be easily seen. The calculations are made for the confinement frequency ω = 0.32 au. Then the spatial extent of the ground state wavefunction is of the order of 100 Å, which is, in turn, of the order of a typical size of a quantum dot. We used the GaAs effective mass and dielectric constants (m * = 0.067, = 12.4).
DPE probability
In the dipole approximation, the DPE amplitude describing the photon-induced transition between two-electron initial and final states reads
where e is the photon polarization vector and (∇ 1 + ∇ 2 ) is a two-particle dipole operator in the velocity form. Although the representation of a quantum dot potential in the form of the infinite harmonian is an idealization, we assume that its low-lying eigenstates reproduce the two-electron states of the real dot qualitatively correctly. Such an approximation significantly simplifies the description of the initial state wavefunction, 2 , since for the finite oscillator well the same problem loses separability.
To single out the effect of the initial state correlations, we start from the simplest twoelectron final state, constructed as a product of the plane-wave asymptotic detector states, | 2 = |k 1 ⊗ |k 2 . The physical justification of this approximation is that after the emission of electrons the quantum dot quickly becomes neutralized by the substrate,so that the final-state three-body interaction between two electrons and an ion is effectively reduced to a two-body interaction between electrons. At the moment we will not even include this kind of interaction. With this approximation, the DPE amplitude factorizes in (r, R) space and reduces to a product of the Fourier-transformed wavefunctions for the CM and relative motion
where we have introduced the CM and 'relative' momenta Q = k 1 + k 2 and q = (k 1 − k 2 )/2, the wavy line denotes the Fourier transform and ∇ is a two-electron momentum operator in (r, R) space. In figure 3 (a), (b) we plot the square modulus of the transition amplitude as a function of (q, Q). The number of nodes of the wavefunction in the momentum space is the same as in the configuration space and, therefore, the number of maxima in figures 3(a), (b) can be easily identified with the quantum numbers n and N of the corresponding wavefunctions. Note that the photon transition is contained entirely in the CM part, while the effects of electronic correlation are included only in the 'relative' part of the cross section. Evident experimental use of this factorization is that keeping one of the vectors, Q or q, fixed, one can investigate the behaviour of the DPE cross section separately either with respect to correlations, or with respect to the dipole transition.
Let us now mention the properties of the transition amplitude as shown in equation (13) .
• The scalar product e · (k 1 + k 2 ) in equation (13) originates from the approximation used for the final state and serves as a selection rule when e · (k 1 + k 2 ) = 0. The electrons, which are emitted with k 1 = −k 2 , or whose total momentum is normal to the polarization vector e, will not contribute to the cross section.
• The CM wavefunction ξ(R) is always symmetric with respect to the particle exchange.
Therefore the singlet (triplet) spin part for the two-electron state has to be taken whenever ϕ(r) is even (odd) function. The latter, in turn, is fully specified by the orbital quantum number in equation (10): even (odd) values correspond to the singlet (triplet) twoelectron states. From this we note another selection rule: two electrons in the triplet state cannot be emitted with k 1 = k 2 . This is just a consequence of the Pauli principle.
• The third property of the transition amplitude arises from the symmetry constraints on the dipole transition. Namely, the single photoionization dipole selection rules [11, 12] are valid for the matrix element Q|e∇|ξ(R) . For the given quantum numbers (L, M) of the ξ N L M (R), only the components of the final-state CM plane wave with the orbital momenta L = L ± 1 will be selected. The magnetic quantum numbers M and M of the initial and final CM states will be connected through the polarization of the photon: M + µ = M (the projection of the photon angular momentum µ = 0 for linear and µ = ±1 for circular polarization).
• It is only the relative motion that depends on the interaction between electrons. Varying the strength of this interaction leads to a change in shape of the potential well in equation (9) and causes the corresponding change in the localization of ϕ(r) andφ(q): the stronger the Coulomb interaction, the more localized the momentum distribution along the q-coordinate becomes.
The present problem as it is formulated (for the plane-wave final state) can be of use as a checking model for the calculations, employing different forms of initial two-electron states in finite-size systems. Now we will include the final-state Coulomb interaction between the outgoing electrons. The transition amplitude equation (13) then takes the form
where ϕ (−) q (r) is the Coulomb wave [13] . Its series representation reads [13] (15). The number on each curve corresponds to the number of terms involved, that is, the first curve corresponds to our previous result from figure 3(c) and curve number '5' contains terms in the expansion up to the fifth, which is almost the convergency limit. It is pertinent to note that the series converges quickly because the initial state ϕ(r) is well localized.
ϕ (−)
where the Coulomb factor is N = exp(−πα/2) (1 − iα) and the Sommerfeld parameter is α = 1/q [10] . Now, if one accounts only for the first term of this expansion, then, apart from a constant normalization factor, the sixfold differential DPE cross section reads dσ
In this way, the final-state interaction is fully described by the density of final states ρ(q), while the rest of the cross section coincides with the cross section for the non-interacting final-state electrons. The effect of ρ(q) is demonstrated in figure 3 (c) ,(d): it monotonically suppresses the emission of the pairs, having small relative momentum, and shifts the positions of the maxima of |T k 1 k 2 | 2 towards higher q values, as can be seen from figures 3(c) ,(d). Qualitatively, this is the only modification, introduced by the inclusion of the repulsive interaction between the final-state electrons. Taking into account the next terms in the series in equation (15) the picture will only change quantitatively as shown in figure 4 . Therefore, for the sake of simplicity in the following we will use equation (16).
Angular distributions
We present the results in the form of an angular distribution (AD) and an energy sharing distribution (ESD). In the first case, the DPE cross section is plotted as a function of the emission angles (θ 1 , φ 1 ) of one electron at fixed emission angles (θ 2 , φ 2 ) of the second electron and fixed final state energies E 1 and E 2 . In the second case, the DPE cross section is given as a function of the energy difference (E 1 − E 2 ) for fixed emission directions and fixed total energy E tot = E 1 + E 2 . We assume that the electron detectors are always placed in the azimuthal plane, i.e. the azimuthal emission angles are φ 1 = φ 2 = 0 • . The polarization vector e of linearly polarized light is chosen along the (θ ph , φ ph ) = (0
Before coming to the results, it is helpful to visualize the distribution of the final-state momenta that take part in the ADs and ESDs as shown in figures 5(a) and (b), respectively. The relationship between the wavevectors Q and q implies that points with coordinates (q, Q) corresponding to a fixed total final-state energy E tot = (k 2 1 + k 2 1 )/2 are located on a quarter of an ellipse. The length of the ellipse's axes differs by a factor of 2 due to the difference in the scaled oscillator frequencies, cf equations (6) and (9) . Curves 1 and 2 correspond to E tot = 0.16 and 0.06 au, respectively. Depending on the experimental setup, the final states with momenta (q, Q) arising from the different parts of the ellipse participate in the AD. For example, the solid curves in figure 5(a) depict the pairs (q, Q) , corresponding to the grazing emission angle for the 'fixed' electron (θ 2 = 80
• ), while the first electron is emitted in the range θ 1 = 0
• . . . 180
• . The kinetic energies of the two electrons are equal. By decreasing the angle θ 2 , the participating arch of the ellipse is made shorter, e.g. at normal emission of the 'fixed' electron (θ 2 = 0
• ) only the part of the ellipse as shown by the squares in curve 1 is left. Making the kinetic energies of the electrons unequal also cuts off part of the ellipse. In curve 2 the solid curve corresponds to E 1 = E 2 = 0.03 au, the square symbols show the range (q, Q) for E 1 = 0.01 au, E 2 = 0.05 au (for θ 2 = 80
. Using these parameters (total kinetic energy, its distribution between electrons, angle of emission) as levers, one can tune through any required region on a (q, Q) map.
To probe the ground state (cf figure 3(c) ),we chose E tot = 0.16 au (curve 1, figure 5(a) ). In figure 6 (a), ADs for different θ 2 = 85
• , 65
• , 45
• , 0
• and for E 1 = E 2 = E tot /2 are presented. Two maxima on the ADs originate from a single maximum in the ground state wavefunction, damped in the middle by the factor e · (k 1 + k 2 ), which becomes equal to zero at θ 1 = π + θ 2 . Another example is shown in figure 6(b) for the same choice of angles and for E tot = 0.06 au (curve 2, figure 5(a) ) we plot the DPE ADs from the initial two-particle state (2, 2, 2, 2) (cf figure 3(d) ). 
Energy sharing distributions
An ESD shows how the DPE probability depends on the difference between the individual kinetic energies of two electrons with all the other parameters fixed. First, we note that if the angle between the outgoing electrons is equal to π/2, only one point on the (q, Q)-map contributes to the cross section (see figure 5(b) , black circles). By decreasing or increasing the relative angle, the arches to the left or to the right from this point become 'visible', as shown in figure 5 (b). In figure 7 (a), this trend is shown in the case of emission from the (2, 2, 2, 2)-state. The angle between the electrons is decreasing (
• ), and gradually excludes the maxima of the initial-state density out of the allowed (q, Q)-region. This is shown by the disappearance of the oscillations in the ESDs and also in its magnitude decreasing. In figure 7(b) , the importance of choosing the right E tot value is demonstrated for emission from the ground state. Scanning through the single maximum on a (q, Q)-map results in a change in the intensity of the sharing distribution without changing its shape. The minimum in the middle of the ESD is again due to the selection rule; at equal energies the vector (k 1 + k 2 ) becomes normal to the polarization vector of light.
In conclusion, we have undertaken the analytical and numerical investigation of the mapping of the correlated two-electron state in a parabolic quantum dot by means of DPE. We show that the DPE cross section factorizes into two parts, separately containing the effects due to the dipole transition and due to the electronic correlation. The reconstruction of the two-electron density on the (q, Q) grid, using experimental data, would be straightforwardly traceable in the frames of given approach. Obviously, the present problem can be generalized:
(i) to other forms of electron-electron interaction, dependent only on the distance between the electrons; (ii) to the description of any nanoparticles that possess oscillator-type potential confinement. 
